INTRODUCTION
Viruses have been isolated from a wide range of fungi, and all of those studied in detail have turned out to consist of several density components and to contain several species of double-stranded RNA (Wood, 1973 )-In the two published cases where it has been sought, evidence of a fungal virus-associated RNA-dependent RNA polymerase has been found; Nash et al. (1973) reported a Mg ++-, dithiothreitol-and KCl-dependent RNA polymerase activity associated with Penicillium chrysogenum virus, and Lapierre, Astier-Manifacier & Cornuet (197I) described a Mg++-dependent, ethidium bromide-sensitive activity in P. stoloniferum virus (PsV); the product of this polymerase was partially resistant to pancreatic ribonuclease action.
We are interested in the genetic interaction between fungal viruses and their hosts, and therefore wished to know more about the action of these RNA polymerases. We have chosen PsV for initial studies. PsV is composed of two serologically and electrophoretically distinct viruses, PsV-F and PsV-S (Buck & Kempson-Jones, 197o; Bozarth, Wood & Mandelbrot, 1971) . PsV-F contains four, and PsV-S two, major double-stranded RNA species; both viruses also contain a small amount of single-stranded RNA (Bozarth et ak 1971; Buck & Kempson-Jones, 1973; D. H. Morgan, personal communication) . In this paper we show that the RNA polymerase activity detected by Lapierre et ak (1971) in unfractionated PsV is present in purified preparations of both PsV-F and PsV-S, and we demonstrate the location and nature of the RNA synthesized in this in vitro system.
METHODS
Buffers. P buffer: o'03 M-sodium potassium phosphate, pH 7"6; SSC: o'15 M-NaCI+ o'o15 M-Na citrate, pH 7"0; TAE: o'o5 or o.I M-tris-acetate, pH 8-0, +o.o03 M-EDTA.
Chemicals. Unlabelled ribonucleoside triphosphates were from P-L Biochemicals,
Preparation of viruses. Penicillium stoloniferum ATCCI4586 was grown in medium
containing 2-4 ~ (w/v) malt extract, I-o ~ (w/v) peptone and 4"o ~ (w/v) maltose (MPM medium). Two litre conical flasks containing 3oo ml of medium were inoculated with conidia to a final concentration of lo6/ml and shaken in a gyrotary shaker for 6o to 7o h at 25 to 27 °C. The washed and blotted mycelial pads were ground at 4 °C in a mechanical mortar for IO min with an equal weight of acid washed sand and Io times their weight of P buffer. The slurry was then blended in an M.S.E. Atomix blender at full speed for I min with an equal vol. of cold chloroform and the emulsion separated by centrifuging at 8ooo g for IO min. Debris was removed from the aqueous supernatant by centrifuging at 20ooo g for 3o rain and virus particles were peltetted by centrifuging at 66000 g for 3 h. Pellets were suspended in P buffer and the suspension again centrifuged at 2oooo g for 3o min and 66ooo g for 3 h. The final virus pellets were allowed to resuspend overnight in P buffer and the suspensions membrane-filtered before storage at 4 °C. Separation of the two viruses present, PsV-F and PsV-S I97o) , was effected on a column of DEAE-cellulose I973) . The E26o/E28o ratios of PsV-F and PsV-S were 1.35 and 1.55, respectively. PsV-F suspensions commonly contained up to about T ~ of PsV-S but PsV-S suspensions were virtually free of PsV-F. Gel electrophoresis. Electrophoresis of whole virus particles was performed in 2'5 polyacrylamide gels, and of RNA, either extracted or in a suspension of dissociated virus, in 3 ~ gels. All gels were 7 cm long and were prepared in glass tubes of o'5 cm internal diam. Procedures were essentially as described by Loening 0967), the electrophoresis being carried out at 8 V/cm in TAE buffer. SDS (o.~ ~) was usually included in the running The basic reaction mixture was that described in Methods, except in expt. I, where o-ooz M-spermidine, 0"o5 M-NH~C1, and o.oooi M-dithiothreitol were also present, and in expt. 5, where ooooI M-dithiothreitol was added. The vol. of reaction mixture was o'1 ml, and incubation was for 8 min at 3o °C.
Assay of virus-associated
buffer and gels for electrophoresing RNA. Dissociation of whole virus for the examination of RNA patterns was by heating for ~o rain at 70 °C with an equal vol. of TAE buffer containing urea (6 ~ w/v); sucrose (5 ~ w/v); SDS (I ~ w/v); and mercaptoethanol (0"4 ~), RNA was stained with Stains-All (Dahlberg, Dingman & Peacock, ~969) and whole virus with Coomassie Brilliant Blue.
Gel slicing. Gels frozen with solid CO~ were sliced on a Mickle gel slicer. The sequential samples, collected in scintillation vials, were allowed to dry at room temperature for ~6 h before the addition of o'25 ml of a fresh ice-cold mixture of hydrogen peroxide (30 ~) and ammonia solution (o-88 sp.gr.) in the ratio 99: I. The vials were incubated at 37 °C for at least 4½ h, before the addition of 5 ml methanol and Io ml scintillation fluid (o'5 ~ butyl PBD in toluene).
RESULTS

Conditions for the determination of Ps V-F RNA polymerase
We first detected the RNA polymerase activity of PsV-F in a reaction mixture normally used to assay the DNA-dependent incorporation of [3H]-UTP into acid-insoluble material by cell-free extracts of Streptomyces coelicolor (Chater, T974) . This reaction mixture contained all the constituents given in Methods, together with o-oooI M-dithiothreitol, o'o5 M-NH~C1, and o.oo2 M-spermidine. At 3o °C, PsV-F-dependent incorporation of radioactivity was linear up to Io to I5 rain, after which a gradual decrease in rate was observed. Thus in further assays designed to characterize the reaction, an incubation time of 8 rain was used. dithiothreitol, NH~CI or spermidine were omitted, but omission of GTP resulted in a 90 7oo reduction of activity, and in the absence of MgCI~ no activity was detected (Table I , expt. I). In further assays, dithiothreitol, NH4C1 and spermidine were omitted. The optimum MgCI~ concentration was o"oo5 M (Fig. I) . At higher concentrations (up to o.oi5 M) there was no further change of activity. In the absence of MgC12, some activity was obtained with o.ooI M-MnC12 (Fig. I) ; at more than o.ooI M-MnCI~ activity was diminished. In the presence of o.oI M-MgC12, o.ooI M-MnC12 reduced the activity by 5o %, i.e. to that obtained with o.ooI M-MnC12 alone (Table I, expt. 2). Thus Io mM-MgC12 but not MnCI~, was retained as a constituent of the standard assay mixture. Fig. 2 depicts the effect of changing pH on the reaction. Little activity was observed below pH 6.o, but a sharp increase occurred between pH 6.o and 7"5, with further slight increases up to pH 9"5-The pH 7"9 originally adopted was therefore retained in the final assay mixture.
Activity in these conditions was not affected by 0.25 M-KCI, 0.25 M-NH4C1 or 0.25 M-NaC1, nor by the addition of calf thymus DNA (Table I, expt. 2). Amongpossible inhibitors of RNA synthesis, all tested at r 25/zg/ml, no inhibition was observed with actinomycin D, rifampicin or streptolydigin; however, as observed by Lapierre et aL 0970, ethidium bromide at I25 #g/ml caused a 7o % reduction in activity (Table r, expt. 4)-
The addition of Triton X-xoo (t % v/v) to a reaction mixture also containing o.ooot Mdithiothreitol had no effect on the activity (Table I, Time courses for the standard reaction mixture are given in Fig. 3 . They are approximately linear for at least 4o rain.
In a reaction mixture in which ATP, GTP and CTP were replaced by homologous deoxyribonucleoside triphosphates, UTP by thymidine triphosphate (TTP) and [SH]-UTP by [SH]-TTP, no incorporation of radioactivity into TCA-insoluble material was detected.
The RNA polymerase activity of 5 preparations of PsV-F ranged from 389 to 649 units per E26o U (mean 474 + ~76 units), and that of 4 preparations of PsV-S ranged from 4I 4 to 7oi units per E260 U (mean 612_+ I35 units). There was no indication of a marked loss of activity on storage at 4 °C for 4 weeks.
The location of the product of the RNA polymerase reaction Lapierre et al. (r97 Q observed that the addition of RNase to their Ps¥ RNA polymerase assay system reduced by only 50 ~ the amount of TCA-precipitable radioactivity. To explain this, they suggested that the reaction product remained within the capsid and was therefore inaccessible to degradation by RNase. We tested this hypothesis in two ways.
In the first experiment we determined the distribution of PsV-F (measured by E260) and TCA-insoluble radioactivity between the pellet and supernatant fraction of RNA polymerase reaction product after high speed sedimentation. In the conditions employed, a trial experiment led us to expect that a significant fraction of virus would remain in the supernatant fluid. These conditions were therefore optimal for a demonstration of the extent of co-sedimentation of virus and reaction product, the results of which are given in Table 2 . * Obtained by subtraction of the E,~ of the pellet fraction from the known input of virus E~0U. o.8 ml RNA polymerase reaction mixture containing 2.88 E260 U PsV-F were incubated for 3o rain at 30 °C. 0"4 ml was diluted Io-fold into ice-cold P buffer. I ml was removed for determination of TCA-insoluble radioactivity, and the remaining 3 ml were centrifuged at 8oooog for 2 h. The supernatant fluid (2'9 ml) was separated from the pellet which was resuspended in 3"o ml P buffer. The E~60 of the pellet fraction was determined, and o'5 ml samples incubated with and without RNase (25 #g) at 35 °C for 5 min and assayed for TCA-insoluble radioactivity. (In similar conditions radioactive RNA reaction product extracted by the SDS-perchlorate procedure was degraded to TCA-soluble material.)
A similar fraction (about 6o %) of E260 U and TCA-insoluble radioactivity was pelletted (the same result was obtained with PsV-S). Moreover, no reduction of TCA-insoluble radioactivity was observed upon treatment of either supernatant or pellet fractions with RNase in conditions expected to permit degradation of free RNA, whether double-or singlestranded, into TCA-soluble material. Re-sedimentation of the supernatant fluid obtained in a similar experiment resulted in 8I % pelletting of E~60 U and 77 % petletting of TCAinsoluble radioactivity, confirming that the majority of the E260 U remaining in the first supernatant fluid was due to intact virus particles.
In the second experiment, PsV-S and PsV-F which had been incubated in the RNA polymerase reaction mixture were electrophoresed through z'5 % polyacrylamide gels, and the locations in the gels of virus (visualized by staining with Coomassie Blue) and radioactivity (assayed after slicing the gels) were determined (Fig. 4) . All the TCA-insoluble radioactivity loaded on to each gel migrated as a single band, which coincided with the virus band.
Both these experiments firmly supported the hypothesis that the RNA synthesized by PsV-F and PsV-S particles in the conditions described remains associated with, and probably within, the virus particles.
The nature of the RNA made in the RNA polymerase reaction
A sample of PsV-F reaction product was subjected to the nucleic acid extraction procedure of Wilcockson (~973). The u.v. absorption ratios of the extracted material at different wavelengths were: E26o/E2zo, I'63; and E~6o/E23o, 2.0. Phenol-extracted RNA from unreacted virus gave similar values. The yield (estimated by u.v. absorption or by recovery of TCA-precipitable radioactivity) was approx, ioo %.
The effect of RNase on TCA-precipitable radioactivity was tested at two different salt concentrations (Table 3 ). In o.t × SCC, complete degradation into TCA-soluble material took place, whereas only 20 ~ of TCA-precipitable radioactivity was lost in SSC. After incubation of the RNA at Ioo °C for 5 min, it became completely sensitive to RNase in SSC. Thus most of the RNA made in the PsV-F RNA polymerase reaction was doublestranded.
Samples of the RNA were electrophoresed in 3 % polyacrylamide gels. . The gels were then stained with Coomassie Blue, photographed and sliced into 2 rmn segments. The radioactivity of each segment was determined as described in Methods. Electrophoresis was from left to right. The broad band halfway along the gel is due to the carrier bovine serum albumin. 
0"8 ml RNA polymerase reaction mixture containing 3"0 E~60 U PsV-F was incubated for 30 min at 35 °C, and subjected to RNA extraction. Samples were incubated for 3o rain at 3o °C with RNase (Io #g/ml) in o'I × SSC, and in SSC before and after denaturation (by heating in o.I × SSC at IOO °C for 5 rain, followed by rapid cooling). TCA-insoluble radioactivity was then determined.
RNA bands (detected by staining with Stains-All) and radioactivity (assayed after slicing the gels) were determined. The 3 major bands (I, 2 and 3 in order of increasing electrophoretic mobility) of double-stranded RNA described by Bozarth et al. 097I) were seen, together with an additional rapidly migrating band of double-stranded RNA often seen . Electrophoresis on SDS-polyacrylamide gels of the products of PsV-F R N A polymerase activity. Samples of the reaction products of an 0.8 ml reaction mixture (containing [3H]-UTP at 85/zCi/mol and o-52 E~60 U PsV-F) which had been incubated for 42 h, were dissociated and applied to 3 ~ polyacrylamide gels containing o.I ~ SDS, as described in Methods. Electrophoresis was for 2 h and, for greater separation of slowly electrophoresing material, for 4 h. The gels were stained with Stains-All and then cut into I mm slices, which were assayed for radioactivity (2 slices per vial except in the regions of RNA bands, where I slice was assayed per vial) as described in Methods. The amount of reaction mixture loaded onto the gels shown was: (a) o" 15 ml; (b) o'o75 ml; (c) o'o25 ml. The radioactivity profiles were obtained with the gels loaded with o-I5 ml; the gels with lower loading are included to demonstrate more clearly the R N A banding pattern. Electrophoresis was from left to right. species was taken from the electrophoresis experiment illustrated in Fig. 5 . Quantities of RNA were measured as the areas under peaks obtained from scanning of unstained gels at 260 nm, compared with a standard curve for cowpea chlorotic mottle virus RNA, prepared by Dr L. C. Lane. Resolution by gel scanning and slicing of the two larger RNA bands was poor. We have therefore treated them as a single species of tool. wt. 9"4 × IOs.
in our PsV-F RNA gels (D. H. Morgan, unpublished observations) and present in a control gel of phenol-extracted PsV-F RNA. All the radioactivity was found in positions closely corresponding with these bands, and in amounts roughly proportional to the quantity of RNA in the bands as measured by u.v. absorption scanning profiles of the stained gels (bands I and 2 were not resolved by the gel slicing).
In two further experiments, one of which is illustrated in Fig. 5 , samples of PsV-F reaction mixture which had been incubated for 30 min and 4z h were treated with urea-SDS-mercaptoethanol dissociation buffer and electrophoresed on SDS-3 ~ polyacrylamide gels. The same pattern emerged as had been seen with the extracted RNA, in that nearly all the radioactivity co-electrophoresed with virus RNA bands in amounts roughly proportional to the quantity of RNA in the bands. However, in these experiments we detected only RNA bands I, 2 and 3-An analysis of the data in Fig. 5 , which were obtained with reaction mixture that had been incubated for 42 h (after which time the reaction was still proceeding but at a very low rate), is given in Table 4 . The RNA species I and 2, having mol. wt. of about lO 6, had incorporated on average 54 [3H]-UMP residues per mol, while the RNA species 3 (mol. wt. 2"3 x lO 5) had incorporated IO such residues per mol.
A similar pattern and level of incorporation to those given in Fig. 5 and Table 4 were also observed with reaction mixtures initially incubated for only 3o min but then stored at 4 °C for 48 h before dissociation. This unexpected increase in incorporation of radioactivity on storage at 4 °C has been shown to be MgC12-dependent, but has not been investigated further. It also occurred with a PsV-S reaction mixture; and slicing of dissociation gels of this material showed that nearly all the [3H]-UMP had been incorporated into the two major RNA species (mol. wt. I t. I x i o 5 and 9"4 x i o ~) at an average of 115 residues per mol.
DISCUSSION
We have shown that the RNA polymerase of Penicillium stoloniferum virus, first demonstrated by Lapierre et ak (I971), is associated with both PsV-F and PsV-S, and has a similar level of activity in each. The PsV-F activity differs from that of Penicillium chrysogenum virus (Nash et aL 1973) in being dithiothreitol-independent and in its failure to be stimulated by Triton X-Ioo. The radioactive RNA synthesized in our reaction mixtures is not released from the virus particles, and most of it is double-stranded and, for PsV-F, coelectrophoreses with the various RNA species extracted from purified virus. The incorpora-tion of [aH]-UMP is greater per mol for the two larger RNA species (I and 2) of PsV-F than for its major RNA species (3) (mol. wt. 2"3 × lO5).
Although our data are by no means incompatible with a model in which wholly singlestranded RNA species are made double-stranded by virus RNA polymerase we suggest as a working hypothesis that the reaction consists of the 'filling in' of short single-stranded regions in the predominantly double-stranded molecules. Loviny & Szdkely (1973) observed that the major PsV-F RNA species (mol. wt. 2. 3 × lO 5) has single-stranded tails at the 5' ends, but a homogeneously double-stranded core: thus in our experiments we may be observing RNA synthesis on such tails. Van Etten et al. (I973) have recently proposed a similar model for the RNA synthesis observed with isolated virus particles of the doublestranded RNA bacteriophage q56, to account for observations which are in many respects remarkably similar to those recorded here for PsV. Our model requires that the PsV-F RNA's I and 2 contain at least of the order of 5o AMP residues per mol in single-stranded regions, a figure rather similar to that which can be deduced from the data of Van Etten et al. (1973) for 956.
Whatever the correct model, we must explain why the reaction is approximately linear for at least 40 min (Fig. 3) when it would be expected to reach completion in a time of the order of I min or less, making the reasonable assumption of kinetics similar to those observed for other nucleic acid polymerases. The simplest explanation is that only a fraction of the virus population is actively synthesizing RNA at any given moment during the reaction. We have not attempted to activate PsV, except by detergent treatment, which had no effect; but Van Etten et al. (1973) found that following a heat shock treatment of bacteriophage 956, the RNA polymerase reaction went to completion in about IO min.
It is not yet possible to assign any biological significance to the interesting in vitro properties of the RNA polymerases of PsV-F and PsV-S. Studies of their biological role are at present hampered by the absence of an adequate system for infecting the host with virus particles or isolated RNA.
